We report a magnetoelectric effect in the double perovskite CaMn 7 O 12 , that shows a complex magnetic behavior below 90 K with two magnetic phases coexisting (one ferrimagnetic and the other modulated). A second magnetic transition, associated with changes in the magnetic modulation and magnetic ordering coherence lengths of the two magnetic phases occurs at 50 K (T N2 ). A detailed structural characterization of this compound, that we have carried out by means of high-resolution X-ray powder diffraction, reveals an anisotropic thermal expansion of its lattice parameters at 50 K (T N2 ). In addition, our study of the complex permittivity of this sample as a function of temperature, frequency and magnetic field shows very interesting results below 90 K and specially below 50 K: the dielectric constant e 0 r that was decreasing continuously on cooling experiences an upturn, and even more, on application of a magnetic field it shows a moderate magnetoelectric response. We attribute such dielectric behavior to the formation of electric dipoles by magnetostriction in this charge and spin ordered system, that are sensible to the presence of an external magnetic field.
Introduction
In the past years, many efforts have been devoted to the search for new single phase multiferroic compounds, that simultaneously show ferroelectricity and cooperative magnetism and in which both properties couple [1, 2] so as to give rise to the crossphenomenon know as the magnetoelectric (ME) effect. Such property is specially interesting from the application point of view, because it allows the manipulation of the magnetic response with an external electric field and the tuning of the dielectric behavior as a function of the magnetic field in new multifunctional materials.
Although the conventional mechanisms that allow ferroelectricity and ferro/antiferromagnetism are mutually exclusive [3] , new alternatives have been described that open new routes to new magnetoelectric multiferroic compounds [4] .
In this context, the compounds with perovskite structure have indeed attracted the tremendous interest because these materials do display the interesting magnetoelectric effect [5, 6] .
In this paper, we report the study of a ''new'' multiferroic material, the CaMn 7 O 12 mixed oxide. This compound is a complex perovskite that presents charge and orbital ordering (CO and OO) at relatively high temperatures [7] and a frustrated magnetic arrangement at low temperatures [8] .
From the structural point of view, the compound ) occupy the octahedral B-sites randomly and the symmetry is cubic (S.G.: Im3 ). At 440 K, this compound experiences a structural phase transition associated to the electronic processes of CO and OO and the symmetry becomes trigonal (S.G.: R3 ) [9] specially adequate for the appearance of highly frustrated magnetic arrangements.
In this context this compound, that is paramagnetic above $90 K, experiences two magnetic transitions at TE90 K (T N1 ) and TE50 K (T N2 ) [8, 11] . According to neutron powder diffraction results, on cooling below 90 K and down to 50 K two magnetic phases coexist [8, 11] : a ferrimagnetic a-phase and a modulated b-phase. Below 50 K, the ferrimagnetic a-phase becomes modulated and the already modulated b-phase experiences changes in its modulation and magnetic ordering coherent length. In all modulated phases, the modulation propagation vector is parallel to the crystallographic c-axis.
In previous works, we have studied the dielectric response of the CaMn 7 O 12 perovskite in the paramagnetic region [12] [13] [14] finding that this compound shows a high dielectric constant ($ 10 6 ) at room temperature with frequency independent values in a broad temperature range, as the isostructural CaCu 3 Ti 4 O 12 perovskite [15] . To explain the observed dielectric response, we have proposed a Maxwell-Wagner relaxation, due to the presence of three electrically different regions in the material [13] .
In this work, we have focused on the low temperature range (To100 K) to study the influence of the magnetic transitions on the dielectric behavior.
Experimental
As described elsewhere, we have prepared CaMn 7 O 12 as a polycrystalline material by the Pechini method using CaCO 3 (Panreac, 498,6%) and Mn(NO 3 ) 2 Á H 2 O (Aldrich, 498%) as starting materials and with a final heating treatment at 975 1C/48 h [13] .
The purity of the obtained material was initially checked by conventional X-ray powder diffractometry (XRPD) in a Siemens D-5000 diffractometer and using Cu (Ka) ¼ 1.5418 Å radiation.
In addition, high-resolution synchrotron X-ray powder diffraction (SXRPD) was carried out as a function of temperature (10pT(K)p100) in the ID31 beamline (l ¼ 0.3994 Å ) at ESRF (Grenoble, France). For this purpose, the sample was loaded in a borosilicate capillary (f ¼ 0.3 mm) and rotated during data collection. The Rietveld analyses were performed with the GSAS program [16] , where the peak shapes were described by a pseudoVoigt function; the background was modeled with a 10-term polynomial and in the final steps of the refinement all atomic coordinates and isotropic temperature factors were included.
Magnetic properties were studied in a Quantum Design MPMS Squid magnetometer. In this context, zero-field-cooled (ZFC) and field-cooled (FC) magnetic susceptibility data were obtained under a field of 1000 Oe in the temperature range 5pT(K)p300.
The relative complex permittivity of this sample, e r (o)
6 Hz in the temperature range (5oT(K)o100) and under the magnetic field up to 10 T. To ensure a good electrical contact gold was sputtered on the surfaces of the pelletized sample. Impedance complex plane plots were analysed using the LEVM program [17] .
Results and discussion

General characterization
According to the conventional X-ray powder diffraction results, CaMn 7 O 12 is the major phase present in the sample, although the presence of weak extra peaks reveals the presence of small amounts of Mn 3 O 4 (hausmanite). Quantitative analysis by the Rietveld method of both the XRD and the SXRPD data indicate that this impurity is present in a very small amount:o2%.
In order to check its quality, we studied its magnetic properties to confirm that it shows the transitions reported in the literature for this compound [8, 18] .
In Fig. 1 , we show the temperature dependence of the ZFC and FC susceptibility of this sample, results that are similar to those reported by other authors [8, 18] . As expected, a small kink appears at the antiferromagnetic ordering temperature, T N1 $90 K; mean while at T N2 $50 K the susceptibility markedly increases and the FC and ZFC curves split.
Detailed structural characterization
In the whole temperature range studied (10pT(K)p100), the SXRPD patterns were refined in a trigonal symmetry (S.G: R3 ) (Fig. 2) . The obtained lattice parameters, refined atomic coordinates, agreement factors and interatomic distances are consistent with the data available in the literature for this compound [10] . Fig. 3 shows the evolution of the obtained cell parameters and volume as a function of temperature. As it can be seen at E 50 K (T N2 ), the a parameter and the cell volume go through a minimum, while the c parameter reaches a maximum. Such anomaly in the a and c cell parameters had been previously reported by Przenioslo et al. [10] , even if these authors did not observe any anomaly in the cell volume. These results seem to indicate that the magnetic transition at 50 K is coupled to the lattice inducing a magnetostriction effect.
Dielectric properties
In contrast to the very high values displayed by the dielectric constant of CaMn 7 O 12 at higher temperatures [11] , for To100 K it shows much lower values e 0 r E25 (Fig. 4a) that are frequency independent.
To deepen further into the dielectric behavior of this compound, we have performed impedance complex plane (Z 00 vs. Z 0 ) analysis [19] of the obtained data. Typical impedance complex plane plots show a single large arc that can be modelled by a resistance (R), a capacitance (C) and a frequency-dependent distributed element (DE) connected in parallel. As this arc goes to zero and the order of magnitude of the corresponding C is of pF cm
À1
, it means that only the intrinsic response of the bulk material is observed in this temperature range.
As temperature decreases from 100 to 50 K the dielectric constant is seen to smoothly decrease, and no anomalies are ARTICLE IN PRESS detected at T N1 E90 K, temperature of formation of the ferrimagnetic a-phase and a modulated b-phase.
Meanwhile, after crossing T N2 E50 K the temperature dependence of the dielectric constant is seen to change and e 0 r experiences an upturn as temperature decreases further (Fig. 4a) . Such an increase cannot be due to a classical transition to a ferroelectric state as no structural transitions are detected below 100 K neither in our structural studies nor in those performed by other authors [9] .
Another very interesting point is that for To60 K the dielectric constant of CaMn 7 O 12 is seen to decrease upon application of a magnetic field, and this magnetoelectric effect is more pronounced below 20 K (see Fig. 4b ). In any case, such effect is relatively small ME ¼ [e To understand the origin of such a dielectric behavior and magnetoelectric effect-that cannot be attributed to the presence of the Mn 3 O 4 impurity, as their behaviors are very different [20] . We have to take into account the strong interplay between spin, orbital, lattice and charge degrees of freedom in this compound, as reflected, for example in the magnetostriction effect observed below 50 K.
For this purpose and using the information available in the literature [11] , we represent in Fig. 5 the magnetic arrangement present in this compound for To50 K. As it can be observed, along the c-axis the magnetic moments of the manganese cations are ferromagnetically aligned; meanwhile along the {À111} According to very recent theoretical predictions of the b-chains of this structure, Van den Brink and Khomskii [21] present all the necessary ingredients for the appearance of polarization induced by magnetostriction in charge and spin ordered systems.
We suggest that such a mechanism [21] would be acting in this compound: Magnetostriction that occurs at 50 K and that is known to be different for ferro and antiferro bonds, would cause bond alternation that in turn would give rise to the formation of electric dipoles and the observed upturn of the dielectric constant below 50 K. When a magnetic field is applied, the competition between the internal field and the applied field provokes the destruction of polar entities, therefore the dielectric constant is no longer enhanced below T N2 and a positive magnetoelectric response is observed. More work on this compound, both experimental and theoretical, is needed to completely clarify the interesting magnetoelectric effect is described here. Specially, the study of single crystals or thin films will be very important.
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